Abstract
Introduction

30
Background
31
Failures of water mains caused by pipe breaks regularly occur in drinking water distribution comparison is made between the indicators with and without the valve in service.
119
Evaluation indicators
120
Due to isolation valves closure, a set of independent segments, not connected to any source, is 121 set up. The effect of isolation valves on the system performance is reflected by the impacted 122 segments (Mugume et al., 2015) . The importance of any valve is determined not by the value 123 of an indicator but by the change in the value when the valve shifts from operable to inoperable.
124
The indicators are adopted in this study including 125 can represent the complexity of closing valves when isolating an incident area. The more valves 140 are needed to close, the more time one spends on locating and operating and the greater the 141 likelihood that one or more of the valves will be inoperable. Ideally only two valves should be 142 required but four is usually considered an acceptable number.
143
Segment length represents the total length of pipes in a segment. The segment length indicator 144 can be related to the number of customers out of service, assuming customers are relatively 145 evenly distributed, and also gives an indication of likelihood that any segment will need to be 146 shut down due to a pipe break. The larger the segment length (assuming a uniform break rate 147 per km per year) is, the greater the likelihood it will need to be shut down.
148
System demand shortfall is the difference between total demand and total water actually 149 supplied for all demand nodes during a segment shutdown. System demand shortfall results
150
give an indication of the system hydraulic performance in terms of the amount of demand met 151 when the shutdown of a segment occurs.
152
System demand shortfall includes: 1) demands at nodes that are not connected to the source 153 plus 2) the amount of water not supplied due to inadequate pressure. Pressure dependent 154 demand (PDD) analysis has an ability of quantifying the system performance when an 155 abnormal event occurs. Therefore, the PDD method applied to the critical valve continuous relationship between demand met and pressure is used, and the supply becomes a 159 constant below the minimum pressure or above the pressure threshold. Supply is deemed to be 9 / 27 independent of nodal pressure when above the threshold 
190
Case study 191 The case study network consists of 279 pipes and 188 junctions, where the total pipe length is above which the demand is fully met. ri H is set to the same value with the pressure threshold
210
Results
211
This section shows the impact of a single valve failure on the three indicators described above.
212
Number of isolation elements
213 Figure 4 shows the results of the number of isolation elements with and without a valve failure. has an obvious change in all valve configurations. The greatest increase is derived from the 256 valve failure at the round circle network (Seg-2 in Figure 5 ). In some way we cannot emphasize 257 that the valves in that area are really critical, because it is located near the boundary of the 258 network and does not impact any downstream segments, and the outskirt area usually has 259 sparser users distributed along the pipes.
260
As can be seen in Figure 6a, Valves configuration ubiquitously has very small segments (the black columns in Figure 6a ),
268
nor as significant impact as the Scarce Valves configuration (the grey columns in Figure 6d ). in the brackets in Table 3 ). In particular, in the N valves configuration, the segment length 274 increases by about 4 times for a majority of failing valves.
269
275
System supply shortfall 276 Figure 7 shows the system supply shortfalls when the isolation valves are operating or failing.
277
For all valve configurations, the supply shortfalls exhibit significant increase before and after 
282
In Figure 7d , there is a valve failure scenario which shows a far greater shortfall value than large area of the network (that linking to Seg-4 in Figure 5 , roughly one third of the network).
287
If the isolation valve is failing, isolation of the new segment of mains puts all of the water users 288 in the right bottom portion of network out of service. This isolation valve is critical in this case.
289
In contrast, this valve also exists in the other three valve configurations but its failure does not
290
have as large of an effect, and thus it implies that the criticality of an isolation valve is highly 291 dependent on the valve layout.
292
The isolation valves with the great values of shortfall (Valve 43, 44, and 167 in Figure 7a ,
293
Valve 37 and 38 in Figure 7b , Valve 31 and 32 in Figure 7c ) are consistently associated with 294 a segment which includes a single link that connects an independent network to the mains ( the 295 network linking to Seg-3 in Figure 5 ). These valves will result in a complete outage for a large 296 portion of the network when one of them is failing. Therefore, it implies that the valves in the 297 segment containing the inlet of a large, branched network are critical.
298
The shortfall values before and after one of the valves fails are shown in Table 4 . Similarly, Extended period simulation analysis 305 The segment isolated for a long period can be simulated in EPS. It is assumed that the period of restoration or maintenance lasts for 24 hours in this study. Figure 8 demonstrates the results must be fed from the tank which has a finite capacity which is exhausted in a 24 hour period.
329
A larger tank or a faster repair would reduce that impact.
330
As the configuration of valves becomes sparse, the segments are enlarged. Thus more isolation impact than failure of a pipe in a highly looped portion of the system away from major facilities.
355
While valves on hydrant laterals are not included in this study, it is easy to see that those 
